Abstract -Field experience with arc fault detectors (AFD) in photovoltaics has revealed problems with detection and false tripping among several products on market. This paper will compare arcing signals according to the test standard UL 1699B with in-field measurements to find reasons behind this and develop possible solutions.
I. INTRODUCTION
In principle, every electrical installation exceeding a certain power limit bears a risk of fire. A fault scenario in which an electrical contact gets loosened may lead to an electric arc that burns at very high temperatures and is able to ignite surrounding materials. This concerns main distributor and PV power plants as well as tumble dryers. While the probability of such a fault is very low it is useful to consider some additional issues regarding PV systems. On the one hand there exists a high amount of possible fault locations including every PVmodule connector and each terminal block. On the other, most of these locations are exposed to all occurring weather conditions for a lifetime of at least 20 years.
The US reacted with an adaption of the installation standard. Since 2011 it is mandatory to include an arc fault circuit detector (AFD) in every new installed power plant according to National Electric Code (NEC). Most states have adopted the 2011 NEC or later releases by now. Furthermore, all PV-AFDs have to be tested for functionality according to product standard UL 1699B.
Other countries, such as Germany, were choosing a different path. A three-year study of fire incidents including PV generators in Germany found that the biggest sources of error were incorrect installations and defective products [1] . Since then new developments for example in connection technologies have been triggered by the industry and a "passport" for PV installations was published by the German Solar Industry Association (BSW). By addressing these quality issues directly, the probability of arc faults can be considerably decreased.
At the international level a product standard for PV-AFDs is currently being outlined within the IEC TC 82 task force. The results presented in here will be taken into account.
II. CHARACTERISTICS OF ELECTRIC ARCS
An electric arc is a gas discharge occurring between two electrodes. This discharge requires a minimal voltage to remain stable. The voltage is mainly determined by form and material of the electrodes, the strength of the electric current and the length of the arc. Fig. 1 shows the I-V characteristics of arcs on copper electrodes for different arcing lengths. It can be observed that minimal conditions of about 12V arcing voltage and about 1A DC current flow have to be met to allow the arc to burn continuously. Fig. 1 . I-V characteristics of DC arcs on copper electrodes in air for different arcing lengths [2] Another prominent characteristic of an electric arc in DC circuits is its broadband high frequency noise emission which is caused mainly by the fluctuating arc length and the deforming electrode surfaces. It is measurable in the arcing voltage and attenuates with increasing frequency. At around 1MHz it is almost not distinguishable from the ambient noise level. Following Ohms law the voltage noise is also transferred onto the DC current. The current noise therefore is inversely proportional to DC circuit impedance. The following graph shows a Fourier analysis of the DC current in a PV generator before and during an arc fault. The 1/f behavior of the arcing noise as well as minima and maxima added by the system impedance are visible. Fig. 2 . Frequency analysis of DC current at an inverter up to 500kHz before and during an arc fault event Most PV-AFD solutions on market analyze the high frequency share of the current in a range from several kHz to several hundred kHz to detect an arc. The inverter switching noise usually is to be found in the same frequency band. Hence, the challenge for every AFD is to be robust against false tripping by external noise on the one hand, but to be sensitive to all kinds of arcing noise on the other.
II. ARC TESTING IN UL 1699B
The 1699B standard differentiates several arc fault scenarios by the level of DC-current. Furthermore different tests for serial or parallel arc faults are defined. This paper will focus on the series arcing tests faults only, as these are mandatory. To test the ability to detect serial arc faults the device under test (DUT) is connected in series with a DC power source, an arc generator and an inverter (masking test, see Fig. 3 ) or a ballast resistor. Fig. 3 . Masking test for detection of a serial arc while an inverter is in operation according to UL 1699B [3] The arc generator is defined as a setup of two cylindrical copper electrodes one of which can be moved. The electrodes are adjusted to create an undefined gap which is filled with an undefined amount of steel wool. If a DC current flows, the conducting steel wool will melt or sublimate very quickly so that an arc is ignited in the gap between the electrodes. The DUT has to detect and interrupt the arc in a time period between 800ms and two seconds, depending on the arcing power. Fig. 4 . Arc generator according to UL 1699B [3] After the AFD has been triggered and has shut down the PV generator an automatic reconnection is not allowed. This has to be done manually, usually after a service checkup has been made. As this might be a time and money consuming process, it makes the robustness against false tripping a much more concerning matter. Nonetheless experiences from the last years have shown that several AFD manufacturers have had problems with undetected arcs or false tripping in field applications. This could be verified by two independent studies from Bern University of Applied Sciences and Sandia Labs [5] - [6] . But is this related to the AFD test setup defined in UL1699B? The following chapters will take an analysis of in-field arc measurements into account to answer that question.
III. ANALYSIS OF IN-FIELD ARCS AT DIFFERENT FAULT LOCATIONS
The transient behavior of an electric arc and the high frequency (HF) noise it emits is influenced by numerous conditions such as the material, the form and the gap between the two electrodes, the surrounding materials, the strength of the electric current and the impedance of the PV generator [7] . To reproduce the in-field conditions as exactly as possible the arcs in the following measurements were generated by pulling apart the contacts at possible fault locations inside a PV generator in operation. These are for example different types of terminal blocks and plug-in connectors, PV cables and busbars within PV modules. To visualize the difference between ambient resp. inverter emitted noise and the signature of the arc fault it is useful to take a look at the string currents at the moment of arc ignition. Furthermore it is reasonable to convert the time based signals into a frequency domain using an FFT algorithm. In the following analysis the time intervals used for each Fourier transformation are kept shorter than the overall duration of the time signal. In that way the variation of the noise intensity during ignition and burn time can be tracked. Signal duration is 1 second, FFT-interval is 100ms and arc ignition occurs at 200ms. Fig. 6 . FFT analysis of current noise during arc in a PV cable Fig. 7 . FFT analysis of current noise during arc in push-in terminal block It can be observed that the variation of the arcing noise intensity differs significantly among the measurements. The different conditions regarding material and shape of the electrodes and surroundings at the fault locations give a reasonable explanation for this. Summarizing the results at all examined fault locations, four different types of arcing noise behavior can be distinguished: Noise with homogenous intensity over several hundred milliseconds including ignition High intensity noise during ignition, lower noise later on Noise that significantly decreases during arc burn time (see Fig. 6 ) Very low overall noise level with very short intense periods (see Fig. 7) 
IV. EVALUATION OF CURRENT AND ALTERNATIVE AFD TEST SETUPS
The noise signature of an arc generated with the UL1699B setup was analyzed by ABB to understand its behavior and possibly enhance the setup in future standards [4] . It could be observed that a high intensity noise is emitted while the steel wool is burning in the first milliseconds. But the noise emitted by the following arc is much lower and sometimes hardly distinguishable from the ambient noise. Fig. 8 . Time based signal (red) and FFT (blue) of current noise during arc at 15A generated according to UL 1699B [4] The burn process of the steel wool being the most significant influence on the produced arcing signal does not represent the conditions of arc faults in field. It bears two considerable risks to conduct AFD testing with this setup. Manufacturers may design their detectors to react on the high intensity noise caused by the steel wool. As a result a lot of infield arcs might stay undetected. Or the AFD is designed very sensitive, as it reacts very fast or on noises with very low intensity. As a result the risk of false tripping during operation increases. Furthermore, the current setup does not consider the influence of the PV generator impedance that may attenuate noise signals at certain frequency bands, as visible in the curviness of the FFT in Fig. 2, Fig. 6 and Fig. 7 . Therefore alternative setups are recommended.
A different approach to generate a noise that represents the behavior of in-field arcs as near possible is to record the noise of an arc in a PV generator with a sufficient sampling rate. This recorded arc signature can then be injected in a test circuit for AFDs in a way that the current and voltage behavior is consistent with the in-field situation (replay method, see Fig.  9 -10). This method was introduced by Sandia and Sensata [8] and later refined by Fraunhofer ISE [5] . Its huge advantage is the ability to test numerous signal forms and to repeat each test as needed. A high level of automation is possible. Tests can be completed in laboratory environment and stay unaffected by weather conditions. Sensibility for different kinds of in-field arcs and robustness against nuisance tripping can be optimized and thereby enhance safety in PV systems. To use all advantages of this method a database with possible arcing and external noise signatures out of different PV generators is necessary. Therefore, Fraunhofer ISE is collaborating with different partners and is interested in further cooperation to extend the existing database. Fig. 9 . AFD test setup using replay method [5] Fig. 10. FFT of recorded current noise during arc (blue) and of the reproduced signal using replay method (red) [5] Another alternative setup was developed during recent discussions inside the UL 1699B task force that has recognized the need for an adaption of the current standard as well. The new proposal extends the existing setup by a filter and a PV impedance circuit. Both shall be realized with a passive network. Different parameter sets could be used to model different fault scenarios. The arc generator shall use a two electrode pull-apart method. Different electrode forms and its ability to model the different kinds of arcing noise behavior are currently investigated. Analysis of modelled as well as in-field arc fault scenarios revealed that arcing noise behavior may vary significantly depending on test conditions. The current AFD test standard is not able to reproduce these characteristics appropriately and bears the risk of undetected arc faults and nuisance tripping in field. With the replay method and an extended 1699B setup two alternatives with promising results have been found and will be further investigated. The results of this research will be considered in upcoming UL1699B and IEC standards.
